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Abstract _
We report observations of amplified spontaneous

emission at soft x-ray wavelengths. An optical laser

ifonized thin foils of selenium to produce a popul atigh

inversion of the 2p53p and 2p53$ Tevels of the neoﬁ-

1ike fon. Using three time-resolved, spectroscopic

measurements we demonstrated Qainelength proddcts up to 6.5

and gain coefficients of 5.5 £ 1.0 cn™! for the J=2 to

1 lines at 206.3 and 209.6 A. We also observed consider-

able amplification for the same transitions in yttrium at

155.0 and 157.1 A.

*Permanent address: Blackett Laboratory, Imperial College, London, SW7
2AZ, England.
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For over a decade'the're has been an intense search for a way to
produce anp]ificatﬁm of XUV or soft x-ray radiation. Several recent
papers_]’z review the progress of the theoretical and exﬁgrimental
efforts. In general, the 'Iiterafuré facks a conc"lusi- ve or unrefuted
demonstration of such amplification. -

One of the .proposed methods of producing an XUV amp'l!fier uses a
high-power optical laser to directly heat a plasma. Using this
technique, Zhgrikhin. Koshelev, and Lei:ckhov3 first described a

mechanism for obtaining an inversion between -2p53p and 5553s levels

4 have subsequently

in neon-1ike ions. Vinagradov and co-workers
written a series of papers refining the theoretical description. To
produce the inversion, the n=3 excited levels are populated by electron
impact excitation from the ground ('2p5) state of the neon-like ion,
which is itself produced in the plasma heated by the optical laser. The
population inversion between 2p53p and 2p53s Tevels deveIOp_s because
of the large differe‘nce bet.wéen the radiative decay rates. Recent
calculations?9 have extended this neon-like excitation scheme to fons
in which the lasing wavelengths approach the soft X-ray regime. |

The purpose of this letter is to report the first results from new
experiments on the neon-like collisional excitation scheme. We describe
the first conclusive demonstration of: a liiacrdscopic-sized gain medium
which exhibits substantial amplification of at least four 2p53p-2p53s
transitions 1n selenium, with the largest being observed for the J=2 to 1
lines at 206.3 and 209.6 A. The transitio_n with the largest predicted

gain,“"9 the J=0 to 1 transition at approximately 183 A, has not been
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uniquely identified. We base our coﬁc'lusions on the results of over 100
separate laser-irradiated target experiments. We used a variety of
spectroscopic instruments to measure the time-resolved absolute
brightness of the amplified spont.aneou.s emission (ASE), and to
demonstrate the non-linear increase of the emission with increased length
of the gain medium. The anisotropy of the ASE was also verified by
measuring the relative intensity in the axial direction and in another
direction far off that axis. : -

These x-ray laser experiments were cohducted at the ﬁ;vette
laser-target irradiation fécﬂity. A simplified schematic representation
of the experimental arrangement is shown in Fig. 1. The exploding foil
target designw is based on experience with long density-scale-length
plasmas that are produced in inertial confinement fusion research. |
Typically, the target was composed of a 750 A layer of Se, vapor
deposited on one side of a 1500 A-thick Formvar substrate. The foil
was nominally 1.1 cm-long and was illuminated by green light
(A = 0.532 um) along a 1ine focus with dimensions of 0.02x1.12 cm.

The nominal pulse length was 450 psec, and the typical incident intensity
was 5x10'3 H'/cmz.. The targets were irradiated in two différent
geometries: "single-sided" in which a giw—en segment of the foil was hit
by only one laser beam, and "doub]e-siéed" in .which opposing laser beam;e,
irradiated a_.comnon target area. Using the single-sided geometry we were

able to illuminate targets up to 2.2 cm long by displacing the two beams

axially.
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X-ray emissfon in the two axial directions (see Fig. 1) was measured
using a grazing incidence spectrograph (GIS) and a transmission grating
spectrograph (TGSS). The GIS has high spectral resolution (r»/dx = 1800)
and a 1ine radiation detection tﬁi'eshold of 6 ergl§r. lt- utilizes a
ﬁicrochanne'l plate contoured to thé Rowland circle for detection of the
x-ray spectra. Gating the microchannel. plate detector by‘.an Auston
switch allowed viewing of the spectrum for a limited peri;:d of time
(250-750 psec), thereby discriminating against emission _c':_ccurring late in
the experiment. The TGSS has a spectral resolution of Afdn = 200,
detection threshold of 3.9 mi/A (radiated into a solid angle of
n 'I.lx'lo sr). and temporal resolution of 20-30 psec. The
instrument incorporates an ellipsoida] collection optic, a 2000 A
period transmission grating and a soft x-ray stre-ak camera. In addition
to the emission along the target's !ongitudinal' axis, we recorded the
spectrum at 77° off-axis using another GIS which viewed the entire
target.

. In the course of the experiments we measured strong anisotropy of
certain iines emitted from the exploding foils. Figures 2a,b illustrate
spectral data monitored by the two GIS in the same time segment. Note
the presence of Na-like resonance transitions (not expected to be
amplified) both on and off aﬁis, whereas the strong lines at 206.3 and

209.6 A are only seen on axis. Based on ab initio calculations and

1

isoelectronic extrapolation ~ from lower Z, these lines are positively

identified as the (2;»3/23p3lz)‘.'“2 - (ZP3I235)J=] and
(Zp] 123"3 12) J=2 ~ (2p] ,zas) 3= transitions of Ne-like Se,
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respectively. With the exception of the 3d3 12" 3p3 /72 transition at
178.6 A, the Na-1ike lines are optically thick and appear brighter
off-axis because the GIS views a larger surface area of the plasma in
that direction. | o
In Figure 2c we plot a theoretical sgontaneou emission spectrum of

Ne-like transitions calculated under the assumption of an optical 1y thin
plasma in steady state at T = 1.0 keV¥ and N - lxloﬂ 3. In
the e.xperimenta'l spectra, the 206.3 and 209.6 A lines are much stronger
than all of the other non-lasing neon-like transitions wl‘rich have larger
gf-values, e.g. the 2p°3d-2p°3p lines at 191.5, 188.4, and 169.2 A |
(see Ref. 11). The dominance of the two J=2 to 1 1ines in the sﬁectrum
was observed in approximately 100 laser shots.

Figure 2d illustrates the maximum amplification we obtained in these
experiments. In this case the target was shot single-sided at an
incident intensity .of lx_lou chmz.- but with the beams displaced to
give a total amplification length of 2.2 cm. It is ilnportanf to note
that we do not observe a strong Tine near 183 A, the predicted position
of the transition with the largest ¢:a'lcu'late¢14"9 gain [(Zp] /Z3p.| ,2) >0 " (Zp] /235) P

If there were little or no amplification of this transition, it could not
be seen because of its small gf value.s'a’_" :

Figure 3 illustrates the temporal behavior of the emission as
recorded by the TGSS. Figure 3(a) show‘s film data obtained with a 1.0 cm
target displaying moderate amplification. In Fig. 3(b ) the temporal
profile of the amplified line.at 209.6 A is cmnpéred with that of the

spontaneous emission of the Na-like ion at 201.1 A. Note that the time
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duration of the amp'liﬁed emission 1s signific_antly shorter than that of
the nearby spontaneous 1ines as well as the pulsewidth of the pump |
laser. With increased amplification, the pulsewidths of-_;he lasing lines
tend to decrease. Figure 3(c) shows film data obtained with a 2.2 cm
target for which the amplification is large. The insert shows a spectral
profile taken at the time of peak ASE. The width of the line, whi_ch.is
source- size broadened, is ~ 1.0 A indicating a source re‘gion of
~ 200 ym diameter. Figure 3(c) gives a strong indicatfion of _
non-equilibrium conditions in the plasma. If we assume fﬁat the 206.3 -
A line is Doppler-broadened, with a width of 0.04 A (Tion = 400 eV),
then we obtain'-\. 40 keV for the equivalent brightness temperature. In
contrast, the brightness temper:atﬁre inferred from the Na-like emission
at 201.1 & is v 0.1 keV.

The most quantitative evidence for amplification is shown in Fig. 4.
These results come from the axial GIS and are integrated over the
linewidths of the 206.3 and 209.6 A transitions. The data exhibit a
non-linear dependence on the length of the amplifier. The output
intensity (fntegrated over frequency) emitted by a one-dimensional
homogeneous gain medium of length L under staady state conditions sc_ales
as exp(aL)L'” 2. where a is the 1ine center gain coefficient. This
scaling is valid when the output divergence is greater than the detector

solid angle and ol > 2. Fitting the data from double-sided shots to

1

this expression yields a gain coefficient of a = 5.5+ 1.0 cm™ for

both the 206.3 and 209.6 A 1ines. Although the data obtained with
single-sided irradiation demonstrates significant amplification, up to



700 times spontaneous levels, the complexity of both the target

irradiation geometry and the radiation transport preclude simple modeling
of the length dependence. Note also that the behavior of the data as a

function of length indicates the Smph'fier is below saturation.

~ In addition to the measurements described above, we have done
preliminary experime_nts.to produce amplification at short_gr wavelengths.
In particular, we irradiated yttrium foil targets and observed
amplification of the J=2 to 1 neon-like transitions at 155.0 and

157.1 A. Once again, the neon-like J=0 to 1 transition :is not
observed. Just as for selenium, the yttrium emission exhibited strong
anfsotropy, short time duration, and a brightness temperature of

a 5 keV (155.0 A line) . .

In conclusion, by using an optical laser to produce a population
invefsion in a simple exploding-foil, we have demdnstrated substantial
amplification of spontaneous emission at soft':-t..-r'ay wavelengths.

The authors gratefully acknowledge specific contributions fron_l
T.  Barbee, B. Boyd, D. Christie, D. Dietrich, M. Gerassimenko, G. Heaton,
'S. Hildum, G. Howe, K. Manes, D. Nilson, 6. Power.' L. Seppala, R.
Stewart, S. Stribiing, J. Tassano, A. Toor.-J. Trenholme, 6. Vayer, and
J. Wiedwald. This work performed under the auspices of the U. S.
Department of Energy by the Lawrence fivemore National Laboratory under

contract #4-7405-ENG-48. .
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Figure Captions

1. Placement of primary diagnostics used in this experiment.

2. (a) Grazing incidence spectrograph (GIS) data from off-axis
‘line-of-sight. Data taken from beginning of radiative output until
500 psec after peak of pump laser. (b) On-axis GIS data from same
time interval as 2a. (c) Calculated spontaneous spectrium of

neon-like selenium. (d) On-axis GIS data from maximum gain target.

3. (a) Film data from the TGSS for a moderate gain target. (b) Temporal
profiles of the neon-like 209.:_6'11 lasing line (A) and the Na-like
201.1 & line (B). (c) Film data from T6SS for a maximum gain

‘target. Inset shows power vs.* wavelength.

4. Integrated line intensity of J=2 to 1 transitions vs. amplifier length for

(a) double-sided and (b) single-sided laser irradiation i:onditions.
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